Quantitative morphometric techniques have been applied to the injected and inflated lung and to the heart in 9 infants with total anomalous pulmonary venous return dying with obstruction to pulmonary venous return. In 5 (mean age at death 55 days) pulmonary venous blood drained to a supradiaphragmatic site; in the remaining 4 (mean age 20 days) to an infradiaphragmatic site.
Quantitative morphometric techniques have been applied to the injected and inflated lung and to the heart in 9 infants with total anomalous pulmonary venous return dying with obstruction to pulmonary venous return. In 5 (mean age at death 55 days) pulmonary venous blood drained to a supradiaphragmatic site; in the remaining 4 (mean age 20 days) to an infradiaphragmatic site.
Structural changes were present in the pulmonary circulation in all patients, even in the youngest, an 8-day-old child. In both types of total anomalous pulmonary venous return increased arterial muscularity was severe, as shown by increase in wall thickness and by extension of muscle into smaller and more peripheral arteries than normal; these changes tended to increase with age. Where the pulmonary venous blood drained to a supradiaphragmatic site, the severity of arterial medial hypertrophy correlated inversely with the magnitude of the pulmonary: systemic flow ratio, increasing as the pulmonary blood flow fell. Vein wall thickness was increased and in all but the youngest child the veins were 'arterialised'. At the lung periphery the arteries and alveoli appeared to have multiplied normally. Arterial size varied according to whether pulmonary venous blood drained above or below the diaphragm; the diameter of pre-and intra-acinar arteries was increased only in cases where the pulmonary venous return drained to a supradiaphragmatic site, being normal when it drained to an infradiaphragmatic site.
In the heart the left ventricle was of normal size in all but one case. Dilatation and severe hypertrophy of the right ventricle and septum were present only in cases of drainage to a supradiaphragmatic site.
In the older patients with the latter anomaly dilatation of the pulmonary arteries and right ventricle suggested that a large left-to-right shunt had preceded the onset of obstruction to pulmonary venous return and that the more severe right ventricular and septal hypertrophy in these cases might be the result of a longer duration of pulmonary hypertension. In contrast, in total anomalous pulmonary venous return to an infradiaphragmatic site it appears that obstruction to pulmonary venous return develops soon after birth and prevents a large increase in pulmonary blood flow, and thus neither the pulmonary arteries nor the right ventricle become dilated. In infants with total anomalouspulmonary venous return and obstruction to pulmonary venous return, it is striking how rapidly the pulmonary circulation develops new muscle.
circulation. Improvement of symptoms by this procedure may allow postponement of corrective surgery until after the first year of life when surgical mortality decreases significantly (Leachman et al., 1969) . The possibility that structural changes in the pulmonary circulation contribute to the high operative mortality and that incomplete relief of pulmonary venous obstruction by Rashkind septostomy could worsen such changes indicates the need for detailed information on the state of the pulmonary vessels.
The lungs of patients with total anomalous pulmonary venous return have been described as oedematous and atelectatic with dilated lymphatic channels (Kauffman et al., 1962) and thickened alveolar walls (Johnson et al., 1958) , but there have been few reports on the vascular structure. Lucas et al. (1963) observed little change during the first month of life, though reporting the 'early' development of pulmonary arterial and venous medial hypertrophy in any cardiac malformation in which obstruction to pulmonary venous return is present at or soon after birth. 'Underdevelopment' of the left ventricle has been reported in total anomalous pulmonary venous return by some workers (Hastreiter et al., 1962) , one of a normal size by others (Leachman et al., 1969) .
In the present study quantitative morphometric techniques have been applied to the injected and inflated lung in order to determine whether the pulmonary vessels are structurally normal at birth, and to assess the effect of pulmonary venous obstruction on the early days of postnatal growth. The size, number, and wall structure of both preand intra-acinar arteries have been determined in the lungs of 9 infants with total anomalous pulmonary venous return dying within the first three months of life. The heart has also been examined in detail to assess dilatation and hypertrophy of the right ventricle and also the degree of left ventricular development.
Subjects and methods
The heart and lungs from 9 infants with total anomalous pulmonary venous return, all dying within the first three months of life, have been examined (Table 1) . In 5 patients pulmonary venous blood drained to a supradiaphragmatic site-to a left superior vena cava in 3, to the coronary sinus in 1, and directly to the right atrium in the remaining case. In 4 cases pulmonary venous blood drained to an infradiaphragmatic site -into the portal venous system at the porta hepatis. Infants with supradiaphragmatic drainage tended to present at a slightly older age than those with varying between 61-0 and 69-5: dilatation of the pulmonary arteries was present in all. In contrast, in cases with infradiaphragmatic drainage the heart size was generally normal and the pulmonary arteries were not dilated. Pulmonary oedema was prominent and generalised in all cases of the latter type but was seen in only 3 cases with supradiaphragmatic drainage (cases 2, 4, and 5) and was then only slight.
ELECTROCARDIOGRAPHIC FINDINGS
The mean frontal plane QRS axis was to the right of average in all 9 cases, exceeding the 95th centile in all children aged 1 month and over (Moss and Adams, 1968) . All electrocardiograms had signs of right ventricular hypertrophy with upright T waves in the right praecordial leads in 7 cases and biphasic T waves in 2. Right atrial P waves were prominent only in electrocardiograms of patients with supradiaphragmatic drainage. In all 9 cases the amplitude of the R wave in the left praecordial leads was normal.
HAEMODYNAMIC FINDINGS (Table 2) Pulmonary arterial hypertension was severe in all 9 patients and pulmonary vascular resistance was greater than 12 units in all but case 1, the youngest patient with supradiaphragmatic drainage. In case 3, external compression between the left pulmonary artery anteriorly and the left bronchus posteriorly produced a 10 mmHg pressure gradient in the left superior vena cava.
OBSTRUCTION TO PULMONARY VENOUS RETURN
Anatomical obstruction to pulmonary venous return is frequently not apparent at necropsy. In a recent study by Delisle et al. (1976) a pulmonary arterial pressure at or above systemic level was associated with obvious anatomical obstruction of the anomalous venous pathway in 74 per cent of cases while a raised pulmonary arterial pressure that remained below systemic level was associated with anatomical obstruction in only 13 per cent. In the present study pulmonary arterial pressure exceeded systemic pressure in 7 cases, was equal in 1, and only 10 mmHg below in the remaining case ( (Hislop and Reid, 1970; Davies and Reid, 1970) , blocks of tissue being selected for microscopical examination by a random sampling technique (Dunnill, 1962 the wall: the mean wall thickness was then calcu-2 x wall thickness lated. From these measurements external diameter x 100 =per cent wall thickness. The structure of the arterial wall, whether muscular, partially muscular, or non-muscular, was established. The arteries within a unit area of lung section were grouped by size and structural type, and the proportion of each structural type within a size group determined-described as a 'population count'. Where a small artery accompanies a small airway it was also characterised by reference to the type of airway it accompanies. Thus the structure of the artery could be related to airway level and in this way extension of muscle along the arterial pathway is established. The number of arteries and alveoli were counted in the same area of lung section and the results expressed as a ratio: this made allowance for any difference in the degree of inflation in the various lungs. The proportion of lung volume occupied by various structures was established by a microscopical point-counting technique (Dunnill, 1962) .
Increased arterial size was apparent from an increase in luminal diameter of preacinar arteries on the postmortem arteriogram and an increase in external diameter of intra-acinar arteries, measured microscopically. Reduction in arterial number was indicated by a reduction in density of the background haze on the arteriogram and confirmed by finding a reduction in the number of arteries counted per unit area of lung which increases the alveolar/arterial ratio. Increased arterial muscularity was apparent from an increased wall thickness as related to the size of an artery or the presence of muscle in arteries which are either smaller or in a more peripheral position along the arterial pathway than is normal. Since, in the first weeks of life, the lung is growing rapidly, the findings for each patient were compared with those of a normal infant of the same age (Hislop and Reid, 1973a, b) .
II: EXAMINATION OF HEART
The inflow and outflow tracts of both ventricles and the ventricular free wall thickness were measured according to the method described by de la Cruz et al. (1960) . The heart was weighed after being fixed for at least one week in buffered formol saline, Millard (1965) having shown that by this time reduction in weight because of fixation shrinkage is complete. Each heart was dissected using the method of Fulton et al. (1952) except that the free wall of the left and the right ventricle was each separated from the septum. Any papillary muscles on either side of the septum were shaved off and included with the ventricle. The ventricular and interventricular muscle was weighed in 3 parts-the right ventricle (RV), the left ventricle (LV), and the septum (S).
Hypertrophy of the right ventricle is best assessed by weight (Fulton et al., 1952) . In the adult, hypertrophy of the right ventricle affects the free wall of the ventricle rather than the septum: the septum acts as part of the left ventricle and hypertrophies with it (Fulton et al., 1952) . Hypertrophy of the right ventricle can thus be assessed from the ventricular weight, and from the ratio of the weight of the left ventricle and septum (LV+S) to that of the right ventricle, expressed as LV+S/RV. In the present study, in cases of total anomalous pulmonary venous drainage of the supradiaphragmatic type, the right ventricle was hypertrophied and the septum appeared to have hypertrophied with the free wall of this ventricle. Thus, in these cases, the ratio of LV+ S/RV, taken alone, is an unsatisfactory method of assessing right ventricular hypertrophy, the weight of the septum and of the free wall of the right ventricle must each be considered.
Results

I: STRUCTURAL CHANGES IN LUNGS
Lung volume and length were normal in all cases. The branching pattern of the main arterial and venous pathways appeared normal. On microscopy, perivascular oedema, dilated lymphatic channels, and eosinophilic material within the alveoli suggested pulmonary oedema in all cases, but the changes were more severe in total anomalous pulmonary venous return of the infradiaphragmatic type than in that of the supradiaphragmatic type. In all cases microscopical examination gave an impression of alveolar wall thickening. Only in cases of the infradiaphragmatic type was this confirmed by finding, on microscopical pointcounting, an increased proportion of alveolar wall tissue. The structural changes in the pulmonary circulation are summarised in Table 3. Arterial size Arterial size varied with the site of pulmonary venous drainage. In all cases with supradiaphragmatic drainage the lumen diameter of preacinar arteries was increased and that of the intra-acinar arteries at terminal bronchiolus level. The dilated vessels were also tortuous. In cases with infradiaphragmatic drainage both pre-and intra-acinar arteries were of normal size; tortuosity was seen in only one case (case 6) and then it was slight. Number of intra-acinar arteries Microscopically the number of arteries and of alveoli per unit area of lung was normal in all except case 4 where the number of arteries was reduced and consequently the alveolar/arterial ratio was increased. The haze on the arteriogram, caused by filling of small peripheral arteries, was of normal density in all except case 4 where it was reduced.
Assessment of arterial muscularity All 9 cases of total anomalous pulmonary venous return were similar in that arterial muscularity was increased as judged by an increase in wall thickness ( Fig. 1 ) and by extension of muscle into smaller and more peripheral arteries than normal (Fig. 2 ).
14- All cases of total anomalous pulmonary venous return showed a decrease in the proportion of small arteries having a non-muscular wall. At about 2 months of age, in the normal lung 92 to 97 per cent of arteries between 25 and 50 ,um in diameter are non-muscular whereas, in case 4 for example, it was only 10 per cent of vessels in this size group.
Arteries of diameter more than 250 Fm These arteries, like the smaller vessels, showed a greater wall thickness than is normally seen during fetal life except in case 6. Wall thickness was significantly greater in cases of venous return of supradiaphragmatic type than in those of infradiaphragmatic type, possibly because of their greater age.
The structure of arteries accompanying peripheral airways showed considerable extension of muscle along the arterial pathway (Fig. 2) . At birth, in the normal lung few arteries within the acinus have a muscular coat; it is during childhood that muscle gradually extends along the arterial pathway reaching alveolar wall vessels by late adolescence (Hislop and Reid, 1973a) . In the present series of total anomalous pulmonary venous return, in all but the two youngest cases at least 80 per cent of arteries accompanying respiratory bronchioli were entirely muscularised. Even by the fourth month of life, in the normal lung only 67 per cent of arteries at this level are muscularised (Hislop, 1971) . In all cases with total anomalous pulmonary venous return many arteries within the alveolar wall had a completely muscular coat. In all 4 cases vein wall muscularity was increased as judged by an increase in vein wall thickness and by the presence of muscle in smaller veins than is normal. Considerable increase in vein wall thickness was also obvious in the uninjected specimens. In all but the 2 youngest cases (cases 1 and 6) elastic fibres were increased and a well-defined external elastic lamina was present, the appearance of 'arterialization' of veins (Wagenvoort, 1970) .
In all the cases the pulmonary capillaries were considerably engorged.
II: STRUCTURAL CHANGES IN HEART
In all 9 cases visceroatrial situs was normal, there was a d-bulboventricular loop and the great vessels were normally related. In 8 out of 9 cases the left ventricle had developed normally, as judged by measurements of the length of the inflow and outflow tracts. In case 9 the left ventricle was abnormally small and its weight, even when added to that of the septum, was less than that of a normal fetus at term (Hislop and Reid, 1972a) . In all 9 cases the free wall of the left ventricle was of normal thickness.
The main structural changes were in the right ventricle, which was dilated and hypertrophied in cases of total anomalous pulmonary venous return to the supradiaphragmatic site, but not in those with drainage to the infradiaphragmatic site; the septum was also hypertrophied but, again, only in cases of venous return to the supradiaphragmatic site.
Structural changes in total anomalous pulmonary venous return to the supradiaphragmatic site In all these cases dilatation of the right ventricle was shown by an increase in length of both inflow and outflow tracts. The mean length of the outflow tract measured 40-8 mm whereas the mean normal value during the first year of life is only 33-33 mm (de la Cruz et al., 1960) . In all cases, the right ventricle became more spherical in shape, so resembling a left rather than a right ventricle. Cut in transverse section, the entire circumference of the right ventricle was increased in thickness, the increase in muscularity affecting the septum as well as the free wall of the ventricle (Fig. 3) .
Although an increase in wall thickness is less reliable than an increase in muscle weight as a measure of ventricular hypertrophy, in cases of supradiaphragmatic type this was considerably increased, varying between 5 and 8 mm, whereas the upper limit of normal, even at 1 year of age, is only 3419 mm (de la Cruz et al., 1960) .
In all cases of total anomalous pulmonary venous return to the supradiaphragmatic site the weight of both the free wall of the right ventricle and of the septum was increased (Table 4) , leading to an increased total heart weight of between 30 3 and 50 g, the upper limit of normal being 23 g during the first 3 months of life (Coppoletta and Wolbach, 1933) . The septum weighed more than 9 5 g in 4 out of 5 children with this anomaly all of whom were less than 3 months of age, whereas in normal children from birth to 5 years Roessle and Roulet (1932) reported a mean septal weight of 11 g. In all cases of total anomalous pulmonary venous (1) Hislop (1971) ; (2) Davies and Reid (1970) ; (3) Roessle and Roulet (1932). return to the supradiaphragmatic site, therefore, the weight of the left ventricle plus septum (LV+ S) was greater than normal because of septal hypertrophy and even despite this the ratio of LV+ S/RV was lower than that of a normal fetus at term, indicating the severe degree of hypertrophy of the free wall of the right ventricle.
Structural changes in total anomalous pulmonary venous return to the infradiaphragmatic site In 3 out of 4 cases (cases 6, 7, and 8) the right ventricle had a normal appearance, seeming neither dilated nor hypertrophied, an impression confirmed by measurements of cavity size and weight (Table  4 ). In these cases the free wall of the right ventricle was slightly thicker than normal, measuring between 4 and 6 mm (normal at 1 year of age= 3*19 mm, de la Cruz et al., 1960) , and suggesting some increase in ventricular muscle mass. In these 3 cases the weight of the free wall of the right ventricle, that of the septum and of LV+ S was normal, as was the ratio of LV+ S/RV. Thus, in this anomaly there is little evidence of hypertrophy of the right ventricle during the first month of life. In contrast, in case 9 where the left ventricle was abnormally small, the right ventricle was hypertrophied. The free wall of the right ventricle was increased in both thickness and in weight but, unlike cases with supradiaphragmatic drainage, the weight of the septum was normal. The ratio of LV+ S/RV was reduced, confirming the presence of right ventricular hypertrophy.
In summary, in total anomalous pulmonary venous return pulmonary arterial and venous branching patterns were normal. At the lung periphery the arteries and alveoli appeared to have multiplied normally, arterial number being reduced in only one case (case 4). The lumen diameter of pre-and intra-acinar arteries was increased in cases of total anomalous pulmonary venous return of supradiaphragmatic type. In both supra-and infradiaphragmatic types of total anomalous pulmonary venous return arterial muscularity was increased, as shown by increase in wall thickness and by extension of muscle into smaller and more peripheral arteries than is normal, and both these changes tended to increase with age. In both types, also, vein wall thickness was increased and, in all but the two youngest children, the veins were 'arterialised'.
In the heart the left ventricle was of normal size in 8 out of 9 cases (in the other it was abnormally small). In cases with the supradiaphragmatic type the right ventricle was dilated and hypertrophied and the septum had hypertrophied with the free wall of the right ventricle, appearing to have behaved as part of the right ventricle, not of the left as in the normal infant.
Discussion
In these cases of total anomalous pulmonary venous return the pathological findings could be related to the clinical features. Patients with the supradiaphragmatic type had survived longer, and in these patients the clinical features suggested that a large left-to-right shunt had preceded the development of severe obstruction to pulmonary venous return. By radiography the pulmonary arteries were shown to be dilated, and pathological examination confirmed this and also showed dilatation of the right ventricle. A longer duration of pulmonary hypertension in these patients might also explain why right ventricular and septal hypertrophy were severe in this group and not in those with the infradiaphragmatic type.
Comparison ofpresent pathological findings with previous reports In the present study, injection of a radio-opaque medium into the pulmonary vessels and the quantitative analysis of the structural findings has been applied for the first time in total anomalous pulmonary venous return, and has increased our knowledge of the structural changes in the pulmonary circulation in this condition.
From the arteriogram it has been possible to show a normal intrapulmonary arterial and venous branching system at preacinar level: within the acinus, injection enables the arterial and venous systems to be separately identified microscopically, and a normal distribution of both systems has been revealed at this level also. Because the vessels had been distended before fixation, precise measurement of vessel size and number was possible. Since the same techniques have previously been used to study the normal pre-and postnatal development of the pulmonary circulation (Hislop and Reid, 1972b, 1973a) , normal values were available for comparison, an essential requirement in the first months of life when the lung is developing rapidly.
Using these techniques, we detected an increase in pulmonary arterial muscle, at an earlier age of 8 days, than Lucas et al. (1963) who, using uninjected material, could not always show increased muscularity until after the first month of life. By relating the structure of an artery to both its size and its position along the arterial pathway, abnormal muscularisation of the intra-acinar arteries was also shown. The veins also were hypertrophied, their percentage wall thickness being between 3 and 6 per cent compared with a normal mean value of approximately 1 per cent (Hislop and Reid, 1973b ). This result is not dissimilar from that obtained by Samuelson et al. (1970) who, in uninjected material, reported a mean value of 5.1 per cent for 5 cases of total anomalous pulmonary venous return: they gave 3-3 per cent as the mean value of a series of normal lungs.
Our findings differed from those of Wagenvoort et al. (1972) in that we did not show any precapillary anastomoses between either the pulmonary and bronchial arterial systems or between pulmonary and bronchial veins in these cases of total anomalous pulmonary venous return with pulmonary venous obstruction. This may be explained by the fact that the cases studied by Wagenvoort et al. (1972) were of premature closure of the foramen ovale in utero, a condition in which pulmonary venous hypertension is present before birth, which seems unlikely to occur in most patients with total anomalous pulmonary venous return. Differences in technique may also be important since these authors have also shown similar precapillary anastomoses in the normal newborn lung which Hislop and Reid (1972b) were unable to do, using the same injection method as in the present study. On the other hand, the present technique has been used to show peripheral arteriovenous communications in the lungs of patients dying with cirrhosis of the liver (Berthelot et al., 1966) .
Time of onset of obstruction to pulmonary venous return
In the present study the pathological findings suggest that there is no significant obstruction to the return of pulmonary venous blood in utero. The preacinar arterial and venous branching systems are normal, but since these vessels are usually present by the 16th week of intrauterine life (Hislop and Reid, 1972b ) their development is not likely to be affected. In contrast, the multiplication of intra-acinar arteries begins later in intrauterine life and, in some conditions, when the pulmonary circulation is disturbed during fetal life, has been shown to be abnormal at birth. In the hypoplastic left heart syndrome, where pulmonary arterial pressure is probably abnormally high during fetal life, an increase in arterial number was shown (Haworth and Reid, 1976) . The normal number of intra-acinar arteries found in total anomalous pulmonary venous return suggests that a significant increase in pulmonary arterial pressure did not occur in utero. Moreover, the increase in arterial wall thickness was less severe than that seen in the hypoplastic left heart syndrome. Furthermore, in the youngest patient with total anomalous pulmonary venous return, arterial wall thickness was lower than that seen in the normal fetus at term, suggesting that the reduction in wall thickness of small arteries that normally occurs in the first few days of life, had also occurred here (Hislop and Reid, 1973a) . Even the mature appearance of the muscle cells in the intra-acinar arteries, seen in the youngest child at 8 days of age, does not suggest that obstruction to pulmonary venous return necessarily developed before birth. In the experimental animal the 'new' muscle cells appearing at this level in the lung acquire mature staining characteristics after only five days of hypoxia (Hislop and Reid, 1976) .
Thus, it seems likely that the pulmonary circulation was functionally normal in utero. At birth, with the onset of respiration, pulmonary blood flow increases: and in total anomalous pulmonary venous return the subsequent course of events is determined by several factors that include the length and diameter of the common pulmonary vein, the degree of obstruction, and the size of the foramen ovale (Burchell, 1956; Serratto et al., 1967) and in the infradiaphragmatic type, by whether or not the ductus venosus is patent. In cases with the infradiaphragmatic type obstruction usually becomes severe soon after birth and in the supradiaphragmatic type it usually develops later. In the present series the mean age at death for the infradiaphragmatic group was 20 days, whereas for the supradiaphragmatic group it was 55 days. The finding here of preacinar arterial dilatation in cases with the supradiaphragmatic type of venous return, even in those dying at less than 1 month of age, suggests that this type is usually associated with an abnormally high flow for at least some time after birth.
MECHANISMS RESPONSIBLE FOR STRUCTURAL CIRCULATORY CHANGES
The haemodynamic changes in the pulmonary circulation after birth, before the development of obstruction to pulmonary venous return, are obviously unknown but what might have happened can be argued from the structural changes seen in the present study. An arterial wall thickness below the normal fetal level in the youngest child, one with the supradiaphragmatic type, suggests that after birth thinning of the arterial wall, known as 'regression of fetal muscle', did occur in these infants. A secondary increase in muscularity then developed as obstruction to pulmonary venous return developed. In contrast, in the infradiaphragmatic group, the early onset of obstruction probably means incomplete regression of fetal muscularity.
In most infants dying with congenital heart disease, the structural evidence of a normal postnatal reduction in wall thickness is superseded by a secondary increase in muscularity, and it is now known that an increase in pulmonary arterial muscle can occur rapidly. In injected material it is possible to distinguish these 'new' muscle cells at the periphery of the arterial pathway by finding muscle in arteries further along the arterial pathway than is normal. Previously, in the infant lung, the speed with which muscle can hypertrophy has probably been underestimated, and too often excessive muscularity has been attributed to persistence of the fetal pattern.
An increase in arterial muscularity would raise pulmonary vascular resistance and reduce pulmonary blood flow. In the present series, as medial hypertrophy developed in cases of total anomalous pulmonary venous return of the supradiaphragmatic type, pulmonary blood flow fell (Fig. 4) . In total anomalous pulmonary venous return pulmonary blood flow is not, however, solely dependent on resistance as in ventricular septal defect (Rudolph, 1974; Hoffman and Rudolph, 1965) . Right ventricular filling must increase as the size of the foramen ovale decreases and thus pulmonary blood flow can increase despite an already raised pulmonary vascular resistance, and this Rudolph (1974) suggests makes regression of pulmonary arterial muscularity particularly susceptible to delay in total anomalous pulmonary venous return.
Medial hypertrophy of the vein wall was severe in all cases. The severity of venous medial hypertrophy was greater the thicker the arterial muscle coat, as has previously been seen in ventricular septal defect (Hislop et al., 1975) . The presence of muscle in veins smaller than 50 [±m in diameter indicates peripheral extension of muscle along the venous pathway. Thus, increase in thickness of the vein or arterial wall muscle is each associated with peripheral extension of muscle along the particular pathway. In total anomalous pulmonary venous return it is not surprising to find increased muscularity of the pulmonary veins associated with obstruction to pulmonary venous return, but similar changes can occur in the presence of a high pulmonary blood flow with pulmonary arterial hypertension, as in a ventricular septal defect (Hislop et al., 1975) , suggesting that venous medial hypertrophy is a response to either pulmonary arterial or venous hypertension.
In all cases in the present series, the capillaries were considerably engorged. Ferencz and Dammann (1957) commented that capillary engorgement was seen only in those congenital cardiac malformations giving rise to severe pulmonary venous hypertension. Whereas all 9 cases in the present series had pulmonary hypertension, in only 1 case was the number ofintra-acinar arteries reduced. A reduction has recently been reported in pulmonary hypertension resulting from a variety of causes: primary pulmonary hypertension (Anderson et al., 1973) , cor pulmonale in cystic fibrosis and chronic bronchitis (Ryland and Reid, 1975; Semmens and Reid, 1974) , and experimental pulmonary hypertension (Hislop and Reid, 1974, 1976) . In these conditions, reduction in arterial number is usually the result of loss of arteries that were once present and it occurs rapidly. In the experimental rat it is detectable after only 5 days' exposure to hypoxia (Hislop and Reid, 1976) . It seems from the present series that pulmonary venous hypertension, unlike arterial hypertension, is not associated, at least initially, with arterial loss. Why reduction in arterial number should have occurred in this particular case is not clear, though this patient did have a higher pulmonary vascular resistance than any other case in the series suggesting a greater degree of obstruction, and, possibly since he had reached 2 months of age, of longer duration.
PATHOLOGICAL CHANGES IN THE HEART
Our findings suggest that in most, though not all, cases of total anomalous pulmonary venous return the left ventricle is normally developed. Leachman et al. (1969) reported a normal development of the left ventricle in all 58 cases of their series of total anomalous pulmonary venous return. The exception in our series is important because, in such a case, underdevelopment of the left ventricle may, as suggested by Mustard et al. (1968) , be a barrier to corrective surgery.
The dominance of the right ventricle probably represents a persistence of the fetal state because obstruction to pulmonary venous return developed soon after birth. In all cases of total anomalous pulmonary venous return of supradiaphragmatic type the weight of the right ventricle was greater than is seen during normal fetal life, suggesting additional postnatal development of muscle. Findings in the present series indicate the rapidity with which the right ventricle can hypertrophy in the newborn and young infant, the youngest patient with the supradiaphragmatic type had developed severe hypertrophy by 21 days of age.
During fetal life Harvey (1628) noted the structural similarity of the two ventricles, likening them to the 'double kernels of a nut'. After birth growth of the left ventricle normally outstrips that of the right and the septum grows with this ventricle. Findings in the present series, however, show that when pulmonary hypertension develops at or soon after birth the septum grows with the right ventricle and their growth together overtakes that of the left. Why, in the one case of underdevelopment of the left ventricle, the septum did not hypertrophy is not clear but it may be that the septum behaved as part of the left ventricle, partaking in the underdevelopment of this chamber.
CLINICAL IMPLICATIONS OF STRUCTURAL CHANGES IN THE LUNGS
The rapid rate at which both arterial and venous medial hypertrophy develop, together with the reduction in arterial number in one case in the series, suggests that surgical correction should be attempted when an infant with total anomalous pulmonary venous return first presents with severe pulmonary hypertension. Delay in treatment will lead to increase in muscularity of the peripheral circulation. In a recent review of 125 patients with total anomalous pulmonary venous return, Wukasch et al. (1975) found that survival was related to the preoperative level of pulmonary vascular resistance. These workers found that atrial septostomy was effective only temporarily and recommended that it never be used in the presence of pulmonary venous obstruction. Our findings support this, since, if relief of pulmonary hypertension were only partial, it would not allow regression of any medial hypertrophy which had already developed, nor prevent its advance. Indeed, in one case studied by the authors in whom only partial relief of obstruction was achieved by 'corrective' surgery at 2 days of age, the wall thickness in arteries of all sizes at time of death at 3 months of age was greater than during normal fetal life and greater than in any case in the present series.
Recent studies in infants with ventricular septal defect have shown that the lung does not develop normally in the presence of severe pulmonary hypertension, since the intra-acinar arteries stay small and fail to multiply normally (personal observation), again emphasising the need for early operation. In early infancy surgical mortality is high, and Wukasch et al. (1975) recommended that operation be delayed until after 6 months of age. At present, the optimal time for corrective surgery must be a compromise between the risk of operation and of impaired development of the pulmonary circulation. 
